Bi 2 Te 3 thin films were grown on a large area of n-Si/Ti/Au substrate by an electrochemical process. The synthesized film sample was cut into four different pieces and each piece underwent different heat treatments for 1 h to optimize their carrier concentration. Heat treatment experiments were performed in an inert atmosphere to prevent oxidation of the films during the treatment. X-ray diffraction showed an increase in the crystallite size with increasing annealing temperatures, which affected the thermoelectric performances of the films. At room temperature, the Seebeck coefficient and electrical resistivity were measured using a custom-built setup. Initially, the measured conductivity appeared to be ntype for all films backed by the metal buffer layer and Si substrate. A simple model that could classify the substrate contribution on the overall transport properties was then developed. The model confirmed that the actual conductivities of the films were p-type, and this was supported by their elemental analysis.
Introduction
Ideal energy production should be environment friendly, economically viable, and socially responsible. In these respects, the conversion of heat into electricity and vice versa using thermoelectric (TE) materials appear promising. 13) Thermoelectricity can be widely used for processes such as power generation from waste heat and heat pumping. In reality, the application prospects of TE materials suffer mainly from their low efficiency. The efficiency of TE materials depends on their TE figure of merit (ZT). The term Z (dimension: K
¹1
) is defined as the ratio of the TE power factor to the thermal conductivity (¬), i.e., ¡ 2 ·/¬, where ¡ and · stand for the Seebeck coefficient and electrical conductivity, respectively. The absolute temperature T (K) is multiplied with the above-mentioned ratio to make the TE figure of merit a dimensionless quantity. Certain theoretical studies have predicted the possibility of increasing the TE efficiency by using nanostructured materials, owing to the quantum confinement effect on the charge carriers and lattice vibrations.
46) Therefore, recently, one-and two-dimensional nanostructures are being studied extensively. Further, several research groups have reported high TE efficiencies due to various confinement effects.
79) Typically, a certain temperature range is associated with each material that is suitable for the considered TE operation. For Si-based and other oxide TE materials, a relatively high operating temperature is generally favoured.
1013) Around room temperature, Bi 2 Te 3 is probably the best-suited TE material in bulk form and exhibits the highest TE efficiency (ZT ³ 1.0); 14, 15) therefore, the study and performance optimization of Bi 2 Te 3 nanoparticle thin films can potentially lead to the development of practical TE devices. A successful deposition process of Bi 2 Te 3 thin films can also lead to a template-assisted highquality Bi 2 Te 3 nanowire synthesis. Often, researchers take this route because nanowires offer a significant advantage because of their uniaxial transport properties and increased surface exposure. 16, 17) Even for these cases, it is considerably easy to carry out the performance optimization experiments on the basic thin film versions because thin films are comparatively easy to handle and have relatively few associated experimental factors (such as templates).
Bi 2 Te 3 films were deposited by a process described by Martín-González et al. 18) While several approaches for increasing the power factor of a TE material have been intensely studied, a stringent control over crystal defect and carrier density have always been of much importance. 19, 20) This is particularly imperative for Bi 2 Te 3 because a slight variation in the composition can lead to a significant change in the material's electrical and thermal conductivity values. In this paper, we present a thorough study of the heat-treatment effects on Bi 2 Te 3 and correlate them with the morphological, structural, and elemental properties of the films. Initially, we obtained a low thermopower value because of the substrate interference. Furthermore, we present a simple model that could be used for resolving the substrate effect on the overall transport properties.
Experimental
To electrodeposit Bi 2 Te 3 , the Si substrate was evaporated with 5 nm of Ti and 150 nm of Au prior to the deposition ( Fig. 1(a) ). In the electrochemical cell, a piece of this Au/Teevaporated Si substrate was used as the working electrode and Ag/AgCl was used as the reference electrode. The counter electrode was made of Pt. The electrochemical deposition process was carried out at 60 mV for 1 h. After deposition, the sample was cut into four pieces and one piece was retained as the as-grown sample without any heat treatment. Using a temperature-controlled vacuum furnace, the remaining three pieces were heat-treated for 1 h at 423, 473 and 573 K, respectively. After mounting each sample, © 2012 The Japan Institute of Metals the furnace was evacuated to its base pressure and then repeatedly purged with N 2 gas to avoid unintentional oxidation during the treatment. Before beginning the heat treatment, we ensured that the furnace pressure was equal to the atmospheric pressure by flowing in N 2 gas (purity: 99.9%).
A custom-built setup was used to measure the room temperature and estimate the absolute Seebeck coefficients (ASCs) and electrical conductivities (EC) of the films ( Fig. 1(b) ). Each sample was mounted on top of two 1 cm thick aluminium blocks that were attached to opposite faces of a Peltier heater/cooler (Kelk μ Ltd.). The heater could maintain a very stable temperature difference between the two faces. By passing a current through the TE heater module, one aluminium block was heated to produce a temperature gradient while the other block acted as the heat sink. A pair of R-type (Pt/PtRh(13%)) thermocouples attached to the hot and cold sides of the specimen was used to measure the temperature. The entire setup was successively enclosed in two heavy stainless steel containers (not shown) that separated them from the ambience in order to minimize the thermal loss. An ice bath was used as the reference junction of the thermocouples for an accurate temperature measurement. Thermal EMF was recorded from the voltage difference between the Pt wires that functioned as the negative electrodes of the R-type thermocouples; a highprecision nanovoltmeter (Keithley μ 2182) was used for this purpose. Two additional Pt probes were used as the outer electrodes for the four-probe conductivity measurements. These electrodes acted as the current source and drain; the drive current was provided by a calibrated source meter (Keithley μ 2400). The inner Pt wires were used as the voltage probe. Adequate care was taken to ensure that the distance between the current and the voltage probes was at least 2 mm in order to realize uniform current flux.
The surface morphology and grain structure of the Bi 2 Te 3 sample were characterized using a scanning electron microscope (SEM) after the subsequent heat treatments. For the SEM, the samples were mounted on a conducting platform and the sample surfaces were grounded appropriately to reduce sample charging. Glancing angle X-ray diffraction (GAXRD) spectra were used for revealing the crystallinity and composition information of the specimens. A Cr X-ray source was used for glancing angle X-ray diffraction (GAXRD) ( = 0.229 nm), and the angle between the incoming X-ray beam and the sample surfaces was kept constant at 4°. An elemental analysis was performed using an X-ray fluorescence (XRF) spectroscopy system (Cu K¡, = 0.154 nm). Each sample surface was investigated by collecting data from different parts and taking the average.
Results and Discussions

Morphological and structural analysis
The surface morphology was uniform for all samples (Fig. 2) . In the case of the as-grown specimen, grains appeared to be relatively small, but a noticeable grain growth occurred during the thermal treatment process. Further, the grains were more compact (less porosity) in the thermally treated samples than in the as-grown sample. Although normal XRD (not shown here) spectra did not show considerable difference between the specimens, the (110) peak was the strongest in the Bi 2 Te 3 diffraction pattern. This verified that most of the crystallites were oriented along the h110i direction and that the C-axis was parallel to the substrate.
The most intense (110) peak from the four specimens was further investigated by using high-resolution GAXRD spectra (Fig. 3) . We observed a shift in the peak position with increasing treatment temperature. This shift could be attributed to the lateral compressive stress generated in the lattice because of the thermal treatment. Further, the crystallite sizes appeared to increase (inset of Fig. 3 ) with increasing annealing temperature. From the elemental analysis using XRF, it was found that the atomic percentage (at%) of Bi was ³46 in the specimens and that of Te was ³54. This confirmed that the Te/Bi atomic percentage ratio was approximately 1.17, which was significantly lower than that obtained from the stoichiometry (Bi rich).
Electrical measurements
Before mounting the samples, we measured the roomtemperature ASC of a standard sample (Pt wire) in order to verify our custom-made setup. Figure 4 shows the variation in the thermal EMF versus the temperature gradient; the resultant slope gave an ASC value of ¹5.237, which was very close to the expected value of ¹5.24 (percentage error: 0.1%). For the samples, the slope of the voltage versus the temperature gradient gave the value of the corresponding Seebeck coefficients (SCs) relative to platinum. The ASC of the samples was calculated by adjusting the SC of the Pt wire. The EC of the samples was calculated from the IV plot using the standard four-probe technique. Figures 5(a) and 5(b) show the room-temperature ASC and EC for different annealing temperatures.
For an accurate determination of the ASC and EC of the Bi 2 Te 3 film layer, the above-mentioned data had to be amended for the substrate contribution during the measurement. The EC correction was somewhat easy to estimate when we considered a simple circuit of resistances and neglected any interface resistance between the layers. In this model, we considered that the measured sample resistance (R total ) was the result of only the parallel combination of the resistance of the film (R film ) and substrate (R substrate ) layers. We calculated R total and R substrate (the resistance values of the Si/Ti/Au layer) using the four-probe method as described in Experimental. Thereafter, R film could be calculated using the following equation: 21) R film ¼ R total R substrate =ðR substrate À R total Þ ð 1Þ
For the substrate contribution correction in the ASC measurement, we assumed that there was no exchange of the electrical charge through the substratefilm interface. Although this assumption is very simplified and would not give a very accurate result, we expected it to introduce some degree of correction in the obtained values. Because of the applied temperature gradient, charge segregation occurred separately in the substrate layer and the film layer, which contributed to the measured EMF. Therefore, the proposed model (Fig. 6 ) took the form of a parallel combination of electrochemical cells in which the thermal EMF values of the substrate and film were represented by V sub and V film , respectively. The electrical resistances were marked R sub and R film . R sub and R total were obtained from the four-probe measurements, and R film was calculated using eq. (1). By solving the correction equations, we could calculate the value of I film , which in turn led to the determination of V film . Figure 7 shows the corrected values of ASC and EC for the samples. First, as can be seen in Fig. 7(a) , the sign of the ASC values changed. This was expected because of the excess Bi in the Bi 2 Te 3 layer as revealed by the elemental analysis. The excess bismuth usually enables the formation of acceptor-type defects such as Bi-on-Te anti-sites, and a large concentration of these defects makes the specimen a p-type one. 22, 23) Only the deposited Bi 2 Te 3 layer of the as-grown sample was successfully peeled from the Si substrate. The peeled layer showed p-type conduction, which proved that our correction was suitable for the deposited sample.
Under normal circumstances, the EC values showed a trade-off with the ASC values because of their dependence on the Fermi-level position within the semiconductor band gap. 24) Figure 7 shows that after corrections, the variation in the EC agreed well with the ASC variation trend, which cannot be seen in Fig. 5 . Figure 7 (a) reveals that two other processes were being carried out at the same time as the heat treatment: reduction of carrier scattering and decrease in carrier density. The reduction of carrier scattering was mainly due to the grain growth, which led to a reduction of the grain boundaries. The decrease in the carrier density was caused by the precipitation of the Bi acceptor atoms from the BiTe crystals, which was induced by the crystal growth. The predominant process determined an increase or decrease in ASC and EC with an increase or decrease in the heattreatment temperature. At a low temperature such as 423 K, rapid grain growth was observed, as shown in Fig. 2 . The BiTe crystalline size also increased with an increase in the heat-treatment temperature, as shown in Fig. 3 . Considering that (crystalline volume) is proportional to (crystalline size) 3 , we found that the crystalline growth continued steadily with an increase in the heat-treatment temperature, which implied that the carrier density decreased with an increasing heattreatment temperature. Therefore, the increase in EC at 423 K could be a result of the predominant reduction of carrier scattering, whereas the decrease in carrier density was predominant at 473 and 573 K. Thereby, we observed the following tendency: decrease ¼ increase in the ASC and increase ¼ decrease in the EC with the heat-treatment temperature.
Conclusions
Bi 2 Te 3 films were electrochemically deposited onto an n-Si substrate. These films were found to have p-type conductivity. The crystallite sizes of the films increased with increasing annealing temperature. The absolute Seebeck coefficient initially showed a decrease with increasing annealing temperature but rose sharply beyond 523 K. The low thermopower observed in the films suggested a considerably high carrier concentration even after annealing. A simple model that could be used for correcting errors in the measurement due to the substrate contribution was also presented. The corrected results exhibited a considerably better correlation between electrical conductivity and the Seebeck coefficient data. 
